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Abstract
Radars used for detecting objects with a positive elevation, such as other vehicles,
are common in autonomous parking and braking systems in modern vehicles. De-
tecting objects with a negative elevation, such as ditches and holes, is however more
troublesome. A common approach is to use a lidar, but a lidar is very costly and
fragile compared to a radar. In this thesis, two two-dimensional radars are attached
above the windshield of a truck and aimed down towards the ground.
At first the geometrical limitations of detecting ditches is analyzed in order to
find which mounting angles of the radars are viable. Data is then collected from the
radars, with the determined angles, a Global Positioning System (GPS) unit, and
Inertial Measurement Unit (IMU) by driving the truck in a real world terrain. Data
from a lidar is also recorded for reference.
Combined with a GPS and IMU, the radar detections are first transformed from
the radar coordinate system, the a truck coordinate system, and finally to global
Universal Transverse Mercator (UTM) coordinates. The global position of each
detection is filtered, and finally used to create an elevation map of the environment.
A similar map is also created from the lidar detections.
The resulting radar elevation map accurately maps the terrain near the vehicle,
including the ditches next to the road. The radars appear to miss small objects, and
the density of the detections is quite low for the radar mount angles used.
In order to improve the accuracy, the vertical position of the radar detection needs
to be determined. A higher density of detections would also improve the mapping,
which could be aquired by decreasing the pitch angle of the radars.
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1
Introduction
This work aims to investigate the feasability of detecting ditches in the vicinity of
the road using two two-dimensional radars, and a High Performance Inertial Mea-
surement Unit and Global Positioning System (HPIG). The project was carried out
at the department of Advanced Driver Assistance Systems at Scania CV AB in
Södertälje, Sweden. This chapter contains the background for the project, what has
previously been done, the goals and limitations of the project, and finally how the
project was carried out.
1.1 Background
Road transportation only needs a road for the vehicle to drive on, making it a cheap
and in many aspects the most flexible mode of transport. This has lead to road trans-
portation becoming the most used mode of transport within the European Union,
accounting for 45 % of goods transport in 2012 [European Commission, 2014].
The flexibility, large amount of objects on the roads, and high diversity of objects
on the roads - trucks, cars, cyclists, pedestrians, and even animals - creates a highly
dynamic environment, making it difficult to avoid accidents and consistently drive
at speeds that minimize fuel consumption.
Within the European Union, close to thirty thousand people were killed in accidents
on roads in 2012. Compared to rail and air transport, road traffic fatalities are highly
overrepresented both in absolute numbers and fatalities per person-kilometer and
ton-kilometer [European Commission, 2014]. With human errors being contribut-
ing factor in nine out of ten road traffic accidents [Forward, 2008], considerably
higher than both vehicle faults and environmental factors, active safety systems
has become one of the focus areas when improving vehicle safety. Early active
safety systems such as traction control and brake assist has been developed and
implemented during the last decades, and with the ongoing development of intelli-
gent vehicles, even more safety risks can be handled faster each year [Cheng, 2011].
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If the current proven technologies - such as chosing the most fuel-efficient route -
are implemented at a slow and steady pace, the fuel consumption can be reduced by
over 6 % within 10 years [Shaw, 2013]. This will be an important contribution for
reaching climate and energy targets set up by the European Union amongst others,
and if future technologies are taken into account the fuel savings can be even larger.
All the benefits of letting computers handle the operation of vehicles has lead
to the rapid research and development of intelligent vehicles. An intelligent vehicle
is a vehicle which can drive autonomously, either fully or partly. The purpose of in-
telligent vehicles can be to increase safety, comfort, and energy efficiency [Cheng,
2011].
To achieve a high level of autonomy the intelligent vehicle needs to be able to
both localize itself within a map, and create or update the map in real-time to ac-
count for changes in the environment. The localization can be done very accurately
by a high precision Global Positioning System (GPS) and mapping by a Light
Detection and Ranging (lidar) system. However, these high precision sensors are
very costly and there are still questions about their mechanical robustness due to
moving parts [Ozguner et al., 2011]. Another way to solve the problem of localiza-
tion and mapping is to use a pre-existing map and use sensors to identify known
terrain characteristics. The position of the vehicle can then be found by comparing
the position of the terrain characteristics in relation to the vehicle to their position
in the map, which removes the need for a high precision GPS. Cheaper and more
robust sensors could also be used to identify terrain characteristics, such as a radar.
1.2 Previous Work
Radars have been in use in a number of applications since their introduction in the
20th century, not least in military and meterological applications [Skolnik, 2008].
The use of radars in road traffic vehicles however is fairly new, but is quickly
growing. Radars used to detect objects above the ground level are already in place
in commersial vehicles, where they are used for assisted braking and parking [Jain
and Heydari, 2012].
NASA’s jet propulsion laboratory suggested a method of detecting ditches by using
a continuous-wave radar and exploiting diffraction to see around the corners of the
ditch [Mittskus and Lux, 2006]. This could be an alternative method of detecting
ditches, and is fundamentally a different approach than the method in this project.
There has also been work done in detecting ditches using the combination of a
stereo camera and a long range radar [Agnew, 2014]. This method focuses on
detecting holes in the road in front of the vehicle, which makes its use more spe-
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cialized and limited.
There has been much work done in general mapping and ditch detection using
more advanced sensors, in particular lidars. This has been done very successfully
since lidars can locate objects with a very high accuracy. Lidars are currently very
expensive and do not function well in rough weather condutions such as rain and
fog [Vlacic, 2009]. This makes it interesting to investigate the feasability to use
radars to detect ditches.
1.3 Goals and Limitations
This project aims to explore the possibility of using two radars aimed towards the
ground to obtain information which can be used in intelligent vehicle functions,
such as brake assist and localization and mapping. See figure 1.1 for a sketch of
the radar position on the truck. More specifially, the radars will be used to identify
objects. Since most objects above the ground can already be detected by existing
radars the focus will be on ditches, but the possibility of detecting objects above the
groud which are currently not identifiable will also be analyzed.
11
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Figure 1.1 The general idea of the project - two radars mounted above the wind-
shield of a truck, aimed down towards the ground. The shadowed area represents the
radar beams. c© Scania CV AB
The general goal can be breaken down into two parts. The first is to find the
theoretical limits of detecting ditches, which will take into account the geometry
of the ditches and radar beam. The second is to find the practical limits of detect-
ing ditches, which will be done through experiments, and mapping the environment.
As can be seen in details in the report, the exact pose of the radars needs to be
determined to find the exact position of the target. This project takes into account
the mount position and angle of the sensors on the truck, as well as the current pose
of the truck in the global coordinate system. To fully utilize the precision of the
radars, the movement of the truck cabin relative to the truck needs to be taken into
account. Unfortunately sensors required for this are not available for the project,
and the truck cabin movements will not be taken into account.
12
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1.4 Methodology
The project was initiated with a literature study to obtain an overview of what
previously had been done in the area of ditch detection, and which methods could
potentially be used. A major part of the preparations was also to become familiar
with the platform - the truck and all the sensors - and the simulation environment
used at Scania.
The radars were mounted early on with unknown angles which were then mea-
sured, and some data was aquired to analyze how much information is possible
to retrieve, and to develop software to transform the data from the radar to three-
dimensional positions and radial velocities.
In order to find out how well the radars theoretically can detect different types
of objects, the theoretical limits were calculated numerically for positive objects -
objects with a positive height, such as poles and hills - and negative objects - objects
with a negative height, such as holes and ditches - using simple geometrical models.
Finally the radars were adjusted to, as close as possible, obtain the calculated
optimal roll, pitch, and yaw angles. The experiment described in the report was
then carried out, and the data was analyzed to find out how well it is possible to
detect dithes and creating a consistent map of the environment.
The work flow of the practical moments in the projects are shown in figure 1.2.
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Optimal radar angles calculatedusing MATLAB
Radars and lidar
mounted on truck and con�igured
Radar, lidar, and HPIG data used to create3-dimensional point cloud of targetsusing MATLAB and Simulink
Computer, CAN, HPIG
installed in truck and con�igured
3-dimensional points mapped to createelevation mapusing MATLAB and Simulink
Figure 1.2 The work flow of the practical moments in the projects. The full drawn
boxes show tasks performed by me, and dashed boxes show tasks performed by other
people at Scania.
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Platform
The platform consists of a truck with variety of sensors attached. The sensors are
connected to a unit with enough computing power to run several intelligent vehicle
functions, such as path planning and object detection, in real time. In this chapter the
truck and the sensors used are described in detail. The sensors used in this project is
the High Performance Intertial Measurement Unit and Global Positioning System
(HPIG) and two radars. A lidar is used for reference but not in the ditch detection
system itself.
2.1 Truck
The truck used in this project is the Scania test truck named Astator, which is a mod-
ified Scania truck with a G480 cab. A photo of the truck can be seen in figure 2.1.
Astator contains all the required equipment to both gather data from the sensors,
and use the data to run several intelligent functions in real time such as mapping,
path planning, and vehicle control.
15
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Figure 2.1 The Scania test truck Astator used in this project. c© Scania CV AB
As is common for trucks, there is a suspension between the cab and frame. This
means that the cab can move several centimeters relative to the frame, and can have
a quickly changing velocity [Marcu, 2009].
2.2 High Performance IMU and GPS
The High Performance Inertial Measurement Unit and Global Positioning Sys-
tem (HPIG) is a sensor combining a high performance Intertial Measurement Unit
(IMU, see [Mostafa and Hutton, 2001] for a detailed explanation of the sensor)
and Global Positioning System (GPS, see [Xu, 2007] for a detailed explanation
of the sensor). The IMU is a standard sensor widely used in Scania trucks, and
measures the three-dimensional orientation (roll, pitch, and yaw angles), the ori-
entation angular velocities, and the positional acceleration in a three-dimensional
cartesian coordinate system. The GPS measures the global position of the HPIG,
and is much more accurate than the standard GPS. Since the accuracy makes the
GPS very costly, it is unsuitable for production vehicles. However, it makes sense
to use a high precision GPS in this project to remove the effects of inaccurate global
positioning.
Measurements
The HPIG is used to measure both the positional and inertial quantities of the truck.
The position obtained directly from the HPIG is in World Geodetic System 1984
(WGS84, see [Xu, 2007] for a more detailed explanation), but is preprocessed with
16
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filters and converted to the Universal Transverse Mercator (UTM, see [Dutch, 2014]
for a more detailed explanation) coordinate system. The quantities used in this
project are summarized in table 2.1.
Property Annotation Quantity Unit
x position in UTM xhpig - m
y position in UTM yhpig - m
Altitude above mean sea level zhpig - m
Position standard deviation σhpig 0.02 m
Velocity −→v hpig - m/s
Roll θhpig roll - ◦
Pitch θhpig pitch - ◦
Yaw θhpig yaw - ◦
Roll standard deviation σhpig roll 0.05 ◦
Pitch standard deviation σhpig pitch 0.05 ◦
Yaw standard deviation σhpig yaw 0.1 ◦
Roll rate θ˙hpig roll - ◦ / s
Pitch rate θ˙hpig pitch - ◦ / s
Yaw rate θ˙hpig yaw - ◦ / s
Table 2.1 Summary of the quantities measured by the HPIG.
Mount
The HPIG unit is mounted inside the truck. The exact location is described in ta-
ble 2.2 and visualized in figure 2.2.
Property Annotation Quantity Unit
HPIG to rear axle ∆xhpig 5.076 m
HPIG to centerline ∆yhpig 0.000 m
HPIG to ground ∆zhpig 1.770 m
Table 2.2 Summary of the mount position the HPIG.
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HPIG
HPIG
5.076 m
1.770 m
Figure 2.2 The position of the HPIG unit on the truck. c© Scania CV AB
2.3 Radars
The main sensors used in this project are the radars. Radar is an acronym for RAdio
Detection And Ranging, and is a system which uses radio waves to determine the
range between the radar and an object [Skolnik, 2008]. The radar type used in this
project - monopulse doppler radar - can also detect the radial velocity of the target,
and the angle between the radar look angle and the target.
Operational Details
The radar first transmits radio waves with a known frequency. These waves propa-
gates through the medium until they hit an object, and are then reflected away from
the object. When the reflected radio wave reaches the radar again, the radar mea-
sures several characteristics of the reflected wave to find the range, radial velocity,
and the angle between the radar look angle and the target. See figure 2.3 for a visual
description of radar operation.
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target
radar
 beam
radar
radar beam reflection
Figure 2.3 The basic operation of a radar. The radar beam travels from the radar,
reaches the target, gets reflected, and finally reaches the radar again.
The range R between the radar and the target can be calculated from the time it takes
for the radio wave to return to the radar [Levanon and Mozeson, 2004]:
R = c · tround trip
2
(2.1)
where tround trip is the time it takes for the radio wave to return to the radar, and c is
the speed of light in the medium.
A doppler radar also takes into account the doppler effect to calculate the ra-
dial velocity - the component of the velocity pointing away from the radar - of the
target [Skolnik, 2008]. The doppler effect states that there is a frequency shift in a
wave transmitted from a source if the source is moving relative to the observer. The
frequency of the received wave fr is given by
fr = ft
c+ R˙
c− R˙ (2.2)
where ft is the frequency of the transmitted wave and R˙ is the range velocity of the
target.
In practical applications it can be easier to find the frequency difference between the
transmitted and received wave, called the doppler frequency. The doppler frequency
fd is given by
fd = fr− ft = 2R˙ ftc− R˙ (2.3)
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If the radial velocity is much smaller than the speed of light in the medium, equa-
tion 2.3 can be simplified to obtain the radial velocity:
R˙ =
c
2
fd
ft
(2.4)
By transmitting the radio wave as a thin beam, with the angle between the beam and
the radar look angle is known, the horizontal position of the target will be known.
Since a thin beam creates a narrow horizontal field of view, the beam is transmitted
several times with the direction of the beam going from one side to the other. This
gives both an accurate position of each target and a wide horizontal field of view.
The vertical position, however, is commonly unknown in two-dimensional radars. A
visual description can be seen in figure 2.4. The propagation of the radar beams do
not cut off as abruptly as in the figure, and is commonly defined as the region where
the power greater than half the power (-3 dB) of the center of the beam [Melvin and
Scheer, 2013].
radar
vertical
field of view
ti ti+1 ti+2
Figure 2.4 The radar beams transmitted by the radar to determine the horizontal
field of view. The vertical field of view is unknown in the radars used in this project.
Measurements
The software for acquiring the signals was already in place, so the range, range
velocity, and angle for each target could be obtained directly. The radars have a
sample time of 50 ms and can acquire data for up to 64 detections per sample. The
specification of the measured radar quantities can be seen in table 2.3.
20
2.3 Radars
Property Annotation Quantity Unit
Range R - m
Minimum range Rmin 0.5 m
Maximum range Rmax 85 m
Range standard deviation σR 0.25 m
Radial velocity R˙ - m/s
Radial velocity standard deviation σR˙ 0.1 m/s
Angle θ - ◦
Minimum angle θmin -75 ◦
Maximum angle θmax 75 ◦
Angle standard deviation σθ 1 ◦
Table 2.3 Summary of the quantities measured by the radars.
Mount
The radars are mounted above the windshield of the truck, and the exact position is
described in table 2.4 and visualized in figure 2.5. The reasoning behind the mount
angles can be found in section 4.2, and standard deviation in section 4.3. See sec-
tion 3.1 for an explanation of the roll, pitch, and yaw angles.
Property Annotation Quantity Unit
Left radar to rear axle ∆xradar left 6.907 m
Left radar to centerline ∆yradar left 0.770 m
Left radar to ground ∆zradar left 2.750 m
Left radar roll θradar left roll 11 ◦
Left radar pitch θradar left pitch -35 ◦
Left radar yaw θradar left yaw 27 ◦
Right radar to rear axle ∆xradar right 6.927 m
Right radar to centerline ∆yradar right 0.770 m
Right radar to ground ∆zradar right 2.760 m
Right radar roll θradar right roll -8 ◦
Right radar pitch θradar right pitch -27 ◦
Right radar yaw θradar right yaw -16 ◦
Mount angle standard deviation σangle meas. 1 ◦
Mount position standard deviation σpos. meas. 0.05 m
Table 2.4 Summary of the mount positions and angles of the radars.
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radar
radar
6.920 m
2.750 m
radar
0.770 m
0.770 m
Figure 2.5 The position of the radars on the truck. c© Scania CV AB
2.4 Lidar
The lidar is similar in function to the radar, but uses laser beams instead of radio
waves to find the position of the target [Ozguner et al., 2011]. Automotive lidars
have a higher precision than automotive radars, but are also more costly, and there
are still questions regarding the mechanical robustness of lidars due to their moving
parts [Ozguner et al., 2011]. The lidar in this project will therefore be used as a
reference for the radar data, and not be included in the ditch detection system.
The lidar, like the radar, measures the range between the lidar and the target,
and the angle between the lidar look angle and the target. Additionally, the lidar
produces four layers each scan. The vertical field of view is 3.2◦, and the layers are
thus separated vertically by 3.2 / (4-1) ≈ 1.07◦.
22
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Measurements
The lidar data could be obtained directly as range, angle and layer. The lidar samples
data with a period of 20 ms, and can detect up to 116 targets per layer and scan. The
details of the quantities measured by the lidar are found in table 2.5.
Property Annotation Quantity Unit
Range Rlidar - m
Maximum range Rlidar max 200 m
Range accuracy Rlidar acc 0.1 m
Angle θlidar - rad
Minimum angle θlidar min -50 ◦
Maximum angle θlidar max 35 ◦
Layer llidar - -
Number of layers llidar n 4 -
Table 2.5 Summary of the quantities measured by the lidar.
Mount
The lidar is mounted above the windshield of the truck, but slightly lower than the
radars. The exact position of the lidar are described in table 2.6, and visualized in
figure 2.6.
Property Annotation Quantity Unit
Lidar to rear axle ∆xradar left 7.012 m
Lidar to centerline ∆yradar left 0.000 m
Lidar to ground ∆zradar left 2.640 m
Lidar roll θradar left roll 0 ◦
Lidar pitch θradar left pitch -31 ◦
Lidar yaw θradar left yaw 0 ◦
Table 2.6 Summary of the mount positions and angles of the lidar.
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lidar
lidar
6.920 m
2.650 m
Figure 2.6 The position of the lidar on the truck. c© Scania CV AB
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This chapter contains the details of the data processing. At first the method of trans-
forming sensor data to a global three-dimensional position and velocity is described.
The method of filtering the data is then described, followed by an overview on how
measurement deviations are calculated. Finally the method of creating an elevation
map, and an estimation of certainty in the elevation map is described.
3.1 Geometry
Two-dimensional Formalism and Application
As described in section 2.3 about the radar operational details and section 2.4 about
the lidar operation, the positioning of an object by the radars and lidar is obtained
in range between the target and the radar, and angle between the radar or lidar
look angle and the target. This type of coordinates are known as polar coordinates,
which can be translated into two-dimensional cartesian coordinates according to
equation 3.1 below. Figure 3.1 shows a visual description of the transformation.[
x
y
]
= R ·
[
cosθ
sinθ
]
(3.1)
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x / look angle
R • cos θ
y
target
θ
R • sin θ
R
Figure 3.1 Transformation between polar coordinates and two-dimensional carte-
sian coordinates.
Three-dimensional Formalism
The pose of a coordinate system A in another coordinate system B is defined as the
position and orientation of A in B [Diebel, 2006]. The position is simply the position
of the origin of the first coordinate system in the other. The orientation is the angles
of A in B. Figure 3.2 shows a coordinate system with an arbitrary pose in another
coordinate system.
26
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x
y
z
y’
z’
x’
Figure 3.2 The coordinate system x′y′z′ in the coordinate system xyz. x′y′z′ is dis-
placed and rotated compared to xyz, thus it has a different pose.
A common way of describing the orientation is with the Tait-Bryan angles - the
rotation around the x-axis (roll), around the y-axis (pitch), and around the z-axis
(yaw). An illustration of the roll, pitch, and yaw angles used in this project can be
seen in figure 3.3.
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x
y
z
yaw
y
z
x
roll
z
x
y
pitch
Figure 3.3 The definition of the roll, pitch, and yaw angles used in this project.
The angles shown are in the positive direction.
Points can be translated from one three-dimensional coordinate system to another
if its pose is known. The points are first rotated by multiplying them with a series
of rotation matrices, where each rotation matrix rotates the point around one axis
[Diebel, 2006]. The rotation matrices to rotate a point around the x-axis (roll), y-axis
(pitch), and z-axis (yaw), are shown in equation 3.2, 3.3, and 3.4. The order which
the rotation matrices are multiplied with the point to be translated represents the
order of rotation, and is not commutative. When the rotations occur around fixed
axes which do not change with the rotations, the rotations are called extrinsic.
Rx(θ) =
1 0 00 cosθ −sinθ
0 sinθ cosθ
 (3.2)
Ry(θ) =
cosθ 0 −sinθ0 1 0
sinθ 0 cosθ
 (3.3)
Rz(θ) =
cosθ −sinθ 0sinθ cosθ 0
0 0 1
 (3.4)
After rotation, the points are displaced by the position of the origin of the first co-
ordinate system in the other. Equation 3.5 shows the complete equation to translate
from one coordinate system to another with different pose.x′y′
z′
= Rz(θyaw)Ry(θpitch)Rx(θroll)
xy
z
+
∆x∆y
∆z
 (3.5)
x′, y′, and z′ are the coordinates of the transformed point; Rx, Ry, Rz the transforma-
tion matrices from equations 3.2, 3.3, and 3.4; θroll, θpitch, and θyaw the roll, pitch,
and yaw angles of the first coordinate system in the other; x, y, and z the coordinates
28
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of the point before transformation, and ∆x, ∆y, and ∆z the position of the origin of
the first coordinate system in the other.
Three-dimensional Application
To be able to easily relate the position of the truck, sensors, and targets to each
other, all coordinates are translated to the global Universal Transverse Mercator
(UTM) coordinate system. This is done by first translating all points to the truck
coordinate system, and then translating them to the global coordinate system. The
truck coordinate system is a three-dimensional cartesian coordinate system with
positive x pointing towards the front of the truck, positive y towards the left, and
positive z upwards. A visual description can be seen in figure 3.4.
x
x
z
y
Figure 3.4 The truck coordinate system. The origin is on the ground below the
back axis, positive x points towards the front of the truck, positive y towards the left
side of the truck, and positive z upwards. c© Scania CV AB
The coordinate systems of the sensors - the radars, lidar, and HPIG - have different
poses than the truck coordinate system. The position and orientation are listed in
29
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the corresponding sensor sections in chapter 2. After translating the radar and lidar
detections from polar coordinates to cartesian coordinates according to equation 3.1,
both the detections and sensor positions are translated to the truck coordinate system
according to equation 3.5. The roll and yaw angles are simply the mount angles of
the sensors, while the pitch is the sum of the mount pitch angle and vertical angle to
the target, θlidar vertical. With the vertical field of view θlidar vfov, the number of layers,
nlidar layers, and the layer of the targets, llidar, known for the lidar, the vertical angle
to the target can be calculated:
θlidar vertical =
llidarθlidar vfov
nlidar layers−1 −
θlidar vfov
2
(3.6)
For the radar there is no information about the vertical position of the target. How-
ever, with the radars being aimed towards the road, the radial velocity will be dif-
ferent for different vertical positions caused by different angles of incidence. If the
quantities measured by the HPIG can be used to accurately model the velocity of
the radar (see section 3.2), it is be possible to find the vertical position as the angle
where the global velocity of the target is zero. The complete equations to calculate
the position of a radar and lidar target in the truck coordinate system is then:
xradar/lidar truckyradar/lidar truck
zradar/lidar truck
= RzyxRradar/lidar
cos(θradar/lidar)sin(θradar/lidar)
0
+
∆xradar/lidar∆yradar/lidar
∆zradar/lidar
 (3.7)
where Rzyx is the rotation matrices from equation 3.2, 3.3, and 3.4:
Rzyx = Rz(θradar/lidar yaw)Ry(θradar/lidar pitch+θradar/lidar vertical)Rx(θradar/lidar roll)
(3.8)
Before translating the position of the radar and lidar targets to the global UTM
coordinate system, the pose of the truck in UTM needs to be calculated. The UTM
position and orientation is given by the HPIG, so equation 3.5 is used with the values
in the values in table 2.1 and 2.2. Note that since the translation is from HPIG to
truck coordinate system, negative ∆xhpig, ∆yhpig, and ∆zhpig are used. The complete
equations for translating the HPIG UTM position to truck UTM position is given
by equation 3.9xtruck utmytruck utm
ztruck utm
= Rz(θhpig yaw)Ry(θhpig pitch)Rx(θhpig roll)
−∆xhpig−∆yhpig
−∆zhpig
+
xhpigyhpig
zhpig
 (3.9)
When the global position of the truck and the positions of the sensors and targets in
the truck coordinate system are known, it is possible to calculate the global position
of the targets and sensors, again with equation 3.5. The complete equations for
translating targets from radar and lidar polar coordinates to global UTM coordinates
are then given by equation 3.10.
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xradar/lidar utmyradar/lidar utm
zradar/lidar utm
=Rz(θhpig yaw)Ry(θhpig pitch)Rx(θhpig roll)
xradar/lidar truckyradar/lidar truck
zradar/lidar truck
+
xtruck utmytruck utm
ztruck utm

(3.10)
3.2 Kinematics
In order to calculate the vertical position of a target (see section 3.1) and filter
out false detections (see section 3.4), the global velocity of an object needs to be
determined. The velocity obtained from the radars is the radial velocity - the ve-
locity away from or towards the radars. Since the radars are moving in the global
coordinate system the radar velocity needs to be calculated in order to obtain the
global velocity of the targets. The global velocity of the radars is the sum of the
velocity of the truck in the global coordinate system, and the velocities caused by
the angular velocities of the truck.
The forward and lateral velocity of the truck is measured by the HPIG, see ta-
ble 2.1. There is no measurement for altitude velocity, but it can be estimated by
calculating the change in altitude per second:
vtruck alt, i =
vtruck z, i− vtruck z, i-1
HPIG sample time
(3.11)
A potential problem with this calculation is that since the altitude measurement by
the HPIG occurs with a high frequency, a small error in the altitude measurement
will result in a large error in the altitude measurement.
To obtain the truck velocity in the global UTM coordinate system, it is rotated
around the truck origin by multiplying the yaw rotation matrix in equation 3.3 with
the velocities: vtruck xvtruck y
vtruck z
= Rz(θhpig yaw)
vtruck forwvtruck lat
vtruck alt
 (3.12)
When the truck is driving on a rough surface or turning, the radars will gain tan-
gential velocities proportional to the roll, pitch, and yaw angular velocities of the
truck. The angular velocities are measured by the HPIG, and the tangential veloci-
ties v⊥roll , v⊥pitch, and v⊥yaw can be calculated as
v⊥ roll/pitch/yaw = droll/pitch/yawθ˙roll/pitch/yaw (3.13)
where droll/pitch/yaw is the distance between the radar and the axis which the rotation
is occuring around:
droll =
√
∆y2radar+∆z
2
radar (3.14)
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dpitch =
√
∆x2radar+∆z
2
radar (3.15)
dyaw =
√
∆x2radar+∆y
2
radar (3.16)
The global velocity of the radar is then given by
vradar = vtruck+ v⊥ roll+ v⊥ pitch+ v⊥yaw (3.17)
When the global velocity of the radar is known, the radial velocity in the direction
of the target can be calculated by projecting the radar velocity vector onto a vector
pointing from the radar to the target. A projection of the radar velocity vector, vradar,
onto the vector pointing from the radar to the target, vR˙, gives the component of
vradar that is in the direction of the target, vradar/R˙:
vradar/R˙ = vR˙
vradar · vR˙
vR˙ · vR˙
(3.18)
The global velocity of the target pointing away from or towards the radar is then
given by:
vtarget = vradar/R˙+ vR˙ (3.19)
3.3 Measurement Errors
When measuring physical quantities, the measurement results will never be com-
pletely accurate due to the nature of measuring instruments [Rabinovich, 2005].
The measurement results will therefore always contain an error.
Error Distribution
In practical applications it is often difficult to know more than the general amplitude
of the errors. For this state of knowledge it generally gives the best results to model
the measurement as a normal distribution [Jaynes, 2003].
Equation 3.20 shows the probability density function (PDF) of the normal dis-
tribution, which evaluates the probability of a measurement to have the value x for
a series of measurements with mean µ and standard deviation σ .
P(x) =
1
σ
√
2pi
e−
(x−µ)2
2σ2 (3.20)
The probability of a measurement to fall within an interval [x1,x2] can then be cal-
culated by integrating the EDF (3.20) from x1 to x2
P(µ− x1 ≤ x≤ µ+ x2) = 1σ√2pi
x2∫
x1
e−
(x−µ)2
2σ2 dx (3.21)
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It is common to analyze the probability of a measurement falling within one, two,
and three standard deviations from the mean. By evaluating equation 3.21 for those
intervals, we obtain the values in table 3.1. See figure 3.5 for a graphical explana-
tion.
Interval Probability
µ±σ 68.27%
µ±2σ 95.45%
µ±3σ 99.73%
Table 3.1 The probability of a measurement with a normally distributed error
falling between one, two, and three standard deviations from the mean.
x
P(x)
μ μ+σ μ+2σ μ+3σμ-3σ μ-2σ μ-σ
68.27 %
95.45 %
99.73 %
Figure 3.5 The PDF of normal distribution with the probability of a measurement
falling between one, two, and three standard deviations from the mean shown as the
area under the curve.
Error Propagation
In case the measurements are used to calculate another quantity, the measurement
standard deviation needs to be re-calculated to obtain the standard deviation of the
calculated quantity. For a function f which depends on the measurements x1, x2, ...,
the standard deviation of f , σ f , is calculated according to equation 3.22 [Ku, 1966].
σ f (x1,x2,...) =
√(
∂ f
∂x1
)2
σ2x1 +
(
∂ f
∂x2
)2
σ2x2 + ... (3.22)
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It can be interesting to calculate the standard deviation of the radar detections
after the transformations to the global coordinate system. This can be done by
applying equation 3.22 to the global coordinates calculation in equation 3.10.
The standard deviations in the radar measurements, HPIG measurements, and the
measured orientation and position of the radar on the truck is taken into account.
3.4 Filtering
When the radar beam reaches a target it gets reflected in multiple directions. If the
reflected beam reaches another surface than the radar, gets reflected, and finally
reaches the radar, the range, horizontal angle, and radial velocity will not have the
correct values. Another source of interference in a multi-radar system is if one radar
detects the reflections of a beam from another radar, which will also produce false
values.
In order to remove the false detections caused by interference and double-bounces,
the detections need to be filtered. Since the system is used to detect ditches and
other terrain, only objects with no global velocity are of interest. The filter then
simply removes detections with a velocity above a certain limit, vlimit, depending on
how accurately it is possible to model the global velocity of the objects. The filter
also removes detections with a range outside the interval [Rmin,Rmax] and horizontal
angle outside the interval [θmin,θmax], which can be found in table 2.3.
3.5 Mapping
One way of representing the ditches and other terrain is an elevation map. An ele-
vation map divides the terrain into squares and contains information about the ele-
vation of each square. An illustration of an elevation map can be seen in figure 3.6.
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Figure 3.6 An elevation map illustrated. The color shows the elevation of the
square: blue indicates a higher elevation and red indicates a lower elevation. c© Sca-
nia CV AB
When updating a square in an elevation map, the square of the detection first needs
to be determined. If the elevation map is a two-dimensional matrix where each
element represents a square where each side is 0.5 m, and the index of square si, j is
i, j, the indices i and j can be found according to
i =
[
xradar/lidar utm
ssize
]
(3.23)
j =
[
yradar/lidar utm
ssize
]
(3.24)
where the square brackets represents the closest integer to the value within them.
The elevation is then calculated from the radar or lidar detections in that square.
There are several ways of calculating the elevation, which can take into account the
standard deviation of the measurements. In this project the elevation is simply the
average value of the detections in each square is used. The average value of each
square, ei, j, can be continuously updated after each new detection with the method
for recursively calculating the average [Teknomo, 2006]:
ei, j new =
ci, j−1
ci, j
ei, j previous+
1
ci, j
zradar/lidar utm (3.25)
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where ci, j is the number of detections in the square, and each square initially has
the elevation zero.
It is of interest to know how much a square can be trusted. A square with sev-
eral detections with little variance is more trustworthy than a square with only one
detection or with a high variance. The number of detections in each square can be
continuously updated by adding 1 each time a detection falls within a square. The
variance of the detections within a square,ei, j σ2 , can be continuously updated with
the method for recursively calculating the variance [Teknomo, 2006]:
ei, j σ2 new =
ci, j−1
ci, j
ei, j σ2 previous+
1
ci, j−1 (zradar/lidar utm− ei, j new)
2 (3.26)
where ci, j is the number of detections in the square, ei, j new the average elevation
of the square, the initial variance of each square an arbitrary high number, and the
variance of a square with only one detection is zero.
A block diagram of the full algorithm for updating a square after receiving a
filtered detection from the radars or lidar can be seen in figure 3.7.
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x radar/lidar utm , yradar/lidar utm , z radar/lidar utm
Update count:
ci,j new = ci,j previous + 1
Update elevation:
ei,j new =              ei,j previous +            z radar/lidar utmci,j new-1ci,j new     1ci,j new
Update variance:
ei,j σ2 new=             ei,j σ2 previous+         (z radar/lidar utm-ei,j new )2ci,j new-1ci,j new     1ci,j new
Find square:
i = [ x radar/lidar utm / s size ]
j = [ y radar/lidar utm / s size ]
Figure 3.7 Block diagram describing the algorithm for updating a square in the
elevation map after receiving a filtered detection from the radars or lidar.
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Experimental Setup
In this chapter the preparations, measurements, and calculations used in the experi-
ment is described. At first the possibilities of detecting positive and negative objects
are analyzed. Then the optimal roll, pitch, and yaw angles for the radars are calcu-
lated for the chosen purposes, and combined with the mount limitations, the actual
angles used for the experiment are determined. Finally the chapter contains and
overview of the test track.
4.1 Geometrical Limitations
It is first important to find the geometrical limitations for detecting ditches in order
to determine the optimal angles of the radars. To find the geometrical limitations,
three types of objects are analyzed: positive objects not visible for radars already in
place facing straight ahead, holes in the road, and ditches next to the road.
Range and Angle of Incidence
In order to create a detailed map, it is of high value to recieve many detections
from the radars. If the angle of incidence of the radar beam to the ground is close
to 0, there is a higher chance that the reflected beam will reach the radar. With the
geometry of the radars in this project, a large angle of incidence also implies that
the range between the radar and the detection is large, making it less likely for the
radar to register a detection as the energy of the reflection is lower when it reaches
the radar. This makes it interesting to analyze the largest range R at ground level,
zradar truck = 0 for different roll and pitch angles. Since a detection very far to the
side is less interesting than a detection near the truck, only detections with yradar truck
less than 5 meters away from the truck y0 are analyzed in this section. The yaw
angle is not analyzed since it only changes where the center of the radar beam is in
relation to the truck, and do not affect the range.
At first the zradar truck is calculated from equation 3.7 and set to zero:
zradar truck = ∆zradar+R(cosθ sinθpitch+ sinθ sinθroll cosθpitch) = 0 (4.1)
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Where θ is the horizontal angle measured by the radar. This equation is then solved
for R:
Rz=0(θ) =− ∆zradarcosθ sinθpitch+ sinθ sinθroll cosθpitch (4.2)
The largest Rz=0(θ) for yradar truck within 5 meters of the truck y0 for different roll
and pitch angles are then found by numerically varying θ . When not varied, the roll
is arbitrarily set to 10◦, the pitch to -30◦, and the yaw to 0◦. The resulting diagrams
can be seen in figure 4.1 and 4.3.
Figure 4.1 The maximum range between the radar and the radar beam on the
ground for different roll angles, where the beam is not more than 5 meters away
from the truck y0.
It can be seen that the range increases as the absolute value of the roll angle in-
creases. The minimun Rmax is not at zero since the radar is not placed in the middle
of the truck y wise. The increase in R is slow at first, and do not seem to cause a
drastic increase in Rmax until ± 35◦. Another result of an increased roll angle is
a narrower horizontal field of view, which is simply calculated according to equa-
tion 4.3 below. The corresponding diagram can be seen in figure 4.2.
θhorizontal fov = (|θmin|+ |θmax|)cosθroll (4.3)
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Figure 4.2 The horizontal field of view as a function of the roll angle of the radar.
The horizontal field of view decreases as expected with an increase in the roll angle.
Similar to the Rmax, the drastic decrease happens at around ±35◦.
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Figure 4.3 The maximum range between the radar and the radar beam on the
ground for different pitch angles, where the beam is not more than 5 meters away
from the truck y0.
For the pitch, Rmax increases slowly at first, and remains relatively low until the
pitch reaches −30◦.
Positive Objects
There are already methods in place which can map the environment in two dimen-
sions, using radars rotated only in yaw - resulting in a beam which is parallel to
the ground when driven on a flat surface. These methods can detect positive objects
with a height depending on the mounting position of the radars.
A drawback of these methods is that they can not correctly detect the width of
objects which are wider higher up, such as trees and certain fences. The focus
will therefore be to detect positive objects with a height between 1 meter - the
approximate mounting position of the current radars in height - and 3.5 meters - the
approximate height of the truck.
To find out how high up the radars can see with different roll, pitch, and yaw
angles, the maximum zradar truck is calculated for a point 1 meter next to the truck.
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The yradar truck at this point is:
yradar truck = ∆yradar±
(wtruck
2
+1
)
(4.4)
Where wtruck is the width of the truck. By calculating yradar truck from equation 3.7,
setting it equal to yradar truck in equation 4.4, the resulting equation can be solved for
R:
R(θ) =
wtruck/2+1
sinθ(cosθroll cosθyaw− sinθpitch sinθyaw)+ cosθ cosθpitch sinθyaw (4.5)
To find the R and θ where zradar truck has its maximum, zradar truck is calculated from
equation 3.7. Using the R from equation 4.5, the maximum zradar truck within the
radar limits are found by varying the θ . The maximum zradar truck for different roll,
pitch, and yaw can be seen in figure 4.4, 4.5, and 4.6 respectively. When not varied,
the roll is arbitrarily set to 20◦, the pitch to -30◦, and the yaw to 30◦.
Figure 4.4 The maximum height the radar can see 1 meter beside the truck with
varying roll angle.
It can be seen that a high roll angle makes it possible to see targets well above
the truck. However, a high roll angle also gives a narrow horizontal field of view
and a very varying range between the radar and the radar beam on the road, see
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section 4.1. A roll of 35◦ is required for the radar to detect objects 3.5 meters above
the ground. As discussed in section 4.1, this roll angle is acceptable, but close to too
high.
Figure 4.5 The maximum height the radar can see 1 meter beside the truck with
varying pitch angle.
For the arbitrary angles and defined intervals, the radar beam reaches 3.5 meters
above the ground when the pitch angle is larger than 5◦. As discussed in section 4.1,
a pitch angle larger than -30◦ causes a large distance between the radar beam on the
ground, meaning that a pitch angle of -5◦ is not viable.
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Figure 4.6 The maximum height the radar can see 1 meter beside the truck with
varying yaw angle.
It can be seen that the yaw angle barely improves the ability of the radar to see
objects high above the ground for the defined intervals.
As can be shown from varying the roll, pitch, and yaw angles, the roll angle is
the only viable option when attempting to correctly detect objects which are high
above the ground and near the truck. A suggested configuration for this can be seen
in table 4.1. With this configuration, objects 3.5 above the ground can be correctly
detected.
Angle Value
roll 35◦
pitch -30◦
yaw 30◦
Table 4.1 A viable radar orientation for correctly mapping objects which are high
above the ground and near the truck.
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Holes in the Road
Objects with a negative height requires the radar beam to reach a certain depth in
order to detect them properly. The depth that the radar beam reaches depends on
the position and orientation of the radars on the truck, as well as the shape of the
negative object.
If the angle of incidence on the road is too large, the radar beam will not be
able to reach the full depth of the hole. This is illustrated in figure 4.7.
radar beam
Figure 4.7 A sketch of how a radar beam can incorrectly detect the depth of a hole
if the angle of incidence is too large.
The shape of a hole in the road is assumed to be circular with a depth proportional
to a sine function, see figure 4.8.
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Figure 4.8 A sketch of how a hole in the road is modelled. The top shape is as seen
from above, and the bottom shape is a cross section.
In order to find out how deep the radar beam reaches for a hold in the road, the cross
section of a hole in the road is described with the function froad cross section(x):
froad cross section(x) =
d
2
(
sin
(
2pi(x− c)
w
− pi
2
)
−1
)
(4.6)
where x is a point on the ground surface, d is the depth of the ditch, c is the location
of the center of the ditch, and w the width of the ditch. A ditch with a diameter of
0.3 meters and depth of 0.3 meters is considered necessary to avoid, and therefore
necessary to detect. The corresponding plot for a hole with this specification with
the center at x = 0 meters can be seen in figure 4.9.
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Figure 4.9 Equation 4.6 plotted with d = 0.3 meters, w = 0.3 meter, and c = 0.0
meters.
The maximum depth a radar beam can reach in the specified hole is then numeri-
cally calculated by finding the first intersecting point between equation 4.6 with the
specified depth, width, and center, and lines from the point y = 2.75 (∆z of the left
radar) with an increasing x, representing the truck moving forward. See figure 4.10
for an example of the numerical calculation.
47
Chapter 4. Experimental Setup
Figure 4.10 The intersections between a hole in the road with depth 0.3 meters and
width 0.3 meters, and the radar beam with a length of 3.5 meters. The circle indicates
the maximum depth reached by the radar beam.
The results of the calculations can be seen in figure 4.11. It is shown that the depth
reached by the radar beam quickly decreases as R increases, indicating that a low
R is desired. Exactly how low R that is desired depends on how precise the mea-
surements are. The small dent at R = 4.7 meters can be explained by numerical
errors.
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Figure 4.11 The maximum depth reached by radar beams with different length, R,
in a hole with width 0.3 meters and depth 0.3 meters.
Ditches next to the Road
A ditch next to the road is another common object that requires accurate mapping.
The difficulty is the same as for a hole in the road - the radar beam needs to be able
to reach a certain depth, see section 4.1. The geometry however is different - a ditch
next to the road runs along the road with the depth modelled as a sine function, see
figure 4.12 for a visual description.
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Figure 4.12 A sketch of how a ditch next to the road is modelled. The top shape is
as seen from above, and the bottom shape is a cross section.
A ditch is modelled in a similar way to the hole in the road using equation 4.6. A
ditch is commonly larger, and is located besides the road. This means that merely
the relation between the depth reached by the radar beam and the distance between
the radar beam and the ground can not be analyzed. Instead the maximum depth for
different roll, pitch, and yaw angles are calculated for a ditch with depth 0.5 meter,
width 0.5 meter, and center 1.75 meter to the side of the truck. An example of a
numerical calculation can be seen in figure 4.13.
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Figure 4.13 The intersections between a ditch next to the road with depth 0.5 me-
ters and width 0.5 meters, when the radar is mounted with a roll angle of 10◦, pitch
angle of -30◦, and yaw angle of 30◦. The circle indicates the maximum depth reached
by the radar beam.
Figure 4.13 shows that when the radar beam reaches a ditch, there will be very few
detections on the wall of the ditch closest to the radar. This can be better visual-
ized by plotting the y value of the detections and setting the z values to zero, see
figure 4.14. Fewer detections could cause a problem when using the detections for
mapping.
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Figure 4.14 The detections in a ditch next to the road, where the z values are set to
zero. The red points thus shows the distance between the radar detections in a ditch.
The ditch has a depth of 0.5 meters and width of 0.5 meters, and the radar is mounted
with a roll angle of 10◦, pitch angle of -30◦, and yaw angle of 30◦.
The results for different roll, pitch, and yaw angles in figure 4.15, 4.16, and 4.17
respectively. When not varied, roll is arbitrarily set to 10◦, pitch to -30◦, and yaw
to 30◦. For these calculations, radar beams with R larger than 85 meters are not
included.
52
4.1 Geometrical Limitations
Figure 4.15 The maximum depth reached by radar beams where the radar is
mounted with different roll angles, in a ditch 1.75 meters beside the truck with width
0.5 meters and depth 0.5 meters. The pitch angle is set to -30◦ and yaw angle to 30◦.
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Figure 4.16 The maximum depth reached by radar beams where the radar is
mounted with different pitch angles, in a ditch 1.75 meters beside the truck with
width 0.5 meters and depth 0.5 meters. The roll angle is set to 10◦ and yaw angle to
30◦.
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Figure 4.17 The maximum depth reached by radar beams where the radar is
mounted with different yaw angles, in a ditch 1.75 meters beside the truck with
width 0.5 meters and depth 0.5 meters. The roll angle is set to 10◦ and pitch angle to
-30◦.
The variations in the depth reached is likely caused by numerical errors. The general
trend, however, is that the depth reached is not very dependent on the roll and yaw
angles, but decreases with the pitch angle, meaning that a low pitch is desired. When
the pitch reaches -10◦ the depth reached decreases quickly.
4.2 Radar Orientation
With the focus of this project being on detecting ditches, it is of higher importance to
detect negative objects than positive objects. A low roll and pitch is therefore chosen
in order to correctly detect the negative objects, and to obtain more reflections. The
yaw is chosen to aim the radars to the side of the truck. See section 4.1 for details
of the properties of the different radar orientations. The chosen radar orientation
is shown in table 4.2. Note that this is for the left radar, and the roll and yaw will
change sign for the right radar.
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Angle Value
roll 5◦
pitch -45◦
yaw 30◦
Table 4.2 A viable radar orientation for mapping negative objects. The values are
for the left radar, and will change sign for the right radar.
When attempting to adjust the radars to the desired orientation, it was shown that
the radar mount made it impossible for the radars to obtain the orientation. The
radars were then adjusted as closely as possible to the desired orientation, and the
results are shown in table 4.3. An illustration of the radar beams propagation from
the radars to the ground (z = 0) can be seen in figure 4.18.
Angle Value left radar Value right radar
roll 11◦ -8◦
pitch -33◦ -27◦
yaw 27◦ -18◦
Table 4.3 The radar angles used in the experiment.
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Figure 4.18 And illustration of the truck and the radar beams propagation from the
radars to the ground with the angles used in the experiment. The blue square shows
the truck, the red area on top the left radar beam, and the green area on the bottom
the right radar beam.
4.3 Radar Position and Angle Measurements
When the radars are mounted, it is important to correctly measure their orientation
and position. The measurement devices available in this project are simple mechan-
ical measurement tools, see figure 4.19. To measure the position of the radars on the
truck, a measurement tape was used.
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Figure 4.19 The measuring tools used to measure the radar orientations.
The inaccuracy of the measurement tools introduce another source of error, and the
standard deviation of the angle measurement, σangle meas., is arbitrarily approximated
to be 1◦, and the standard deviation of the position measurement, σpos. meas., to be
0.05 meters. The standard deviations are included in table 2.4 in section 2.3.
4.4 Sampling Limitations
When the truck is travelling with a certain velocity, there will be a distance between
each radar sample. The distance is calculated as the distance travelled during the
sampling time at the current velocity.
dsampling = v · tsampling (4.7)
The maximal velocity is assumed to be 50 km/h, and the sampling time of the radars
are 50 ms. Inserting these values in equation 4.7 gives the sampling distance
dsampling worst case =
50
3.6
·50 ·10−3 ≈ 0.7 m (4.8)
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A way to decrease distance between samples could be to aim the radars strategi-
cally. If the distance between the scans from the two radars would be 0.35 meters at
ground level, the sampling distance would be cut in half for a velocity of 50 km/h.
However, the radars in this project are not synchronized, and the data is acquired at
practically random times, making it impossible to predictably reduce the sampling
distance.
4.5 Test Track
The experiment is done by driving the truck in an area with known obstacles while
logging the data from the sensors. The chosen area is within the Scania area in
Södertälje, and a map showing the terrain, the most significant objects, and the
driven route can be seen in figure 4.20, and a photograph of the terrain can be seen
in figure 4.21.
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Figure 4.20 The map of the area surrounding the driven route in the experiment,
and the significant objects. The path on the road indicates where the truck has driven
in the experiment. c© Lantmäteriet i2014/00579
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Figure 4.21 A photograph of the terrain. The ditch to the left is named Ditch 1 in
figure 4.21, and the ditch to the right is Ditch 2. c© Scania CV AB
The measurements of the significant obstacles varies throughout the course. Ditch 1
is approximately 0.5-1.0 meter deep and 1-2 meters wide, and Ditch 2 is 0.5 meter
deep and 1-2 meters wide. The hill is a few meters high, and the fence a bit over 2
meters. The altitude of the road also varies thoughout the course.
Ditch Analysis
It is of interest to see how deep into the ditches it is possible to see with the radar
angles used. The same method as in section 4.1 was used to numerically calculate
the depth a radar beam reaches in a ditch with width 1.5 meter and depth 1 me-
ter, located 1 meter beside the truck. The potential difference in z caused by the
unknown horizontal was calculated in the same way but with pitch set to ±5◦ was
also calculated. Additionally, the standard deviation for each vertical angle θ was
calculated according to section 3.3. The standard deviations for the radar mount an-
gles and measurements were used. As the HPIG values are not included in the beam
simulation, their standard deviations are not included. The results for the left radar
can be seen in figure 4.22, and for the right radar in figure 4.23.
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Figure 4.22 The depth reached by the left radar beam with the mounting angles
used in the experiment. The thick blue line shows the ditch geometry, and the thick
red line the depth reached by the radar beam; the thin, full-drawn red lines show the
potential difference caused by the unknown vertical position; the dashed, dash-dot-
dashed, and dotted red lines show the potential difference caused by one, two, and
three standard deviations respectively.
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Figure 4.23 The depth reached by the right radar beam with the mounting angles
used in the experiment. The thick blue line shows the ditch geometry, and the thick
red line the depth reached by the radar beam; the thin, full-drawn red lines show the
potential difference caused by the unknown vertical position; the dashed, dash-dot-
dashed, and dotted red lines show the potential difference caused by one, two, and
three standard deviations respectively.
It can be seen that the potential deviation is high, and a detection can appear to be
above ground level when it is in fact from the bottom of a one meter deep ditch.
This can potentially be reduced by several detections close together.
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Results
This chapter contains the results of the experiment and the processed data according
to chapter 3. At first the number of detections from the radars are analyzed, followed
by the standard deviation caused by measurements, and uncertainty caused by the
unknown vertical position of the detections. The velocity calculation and filter per-
formance is then evaluated. Finally the elevation maps created from the radar and
lidar data are compared, as well as the standard deviation and number of detections
in each square in the radar elevation map.
5.1 Radar Detections
As the information possible to extract from the radar data directly depends on the
number of targets detected by the radars, it is important to analyze the number of
detections. The detections from the left and right radars are shown in figure 5.1 and
5.2 below.
The mean number of detections from the left radar is 11.0 per sample, and the
mean number of detections from the right radar is 5.2 per sample, out of a maxi-
mum of 64.
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Figure 5.1 The number of detections from the left radar for each sample.
Figure 5.2 The number of detections from the right radar for each sample.
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5.2 Measurement Uncertainty
Each position contains a standard deviation, which depends on the standard de-
viation of all measurements involved in calculating the position. These standard
deviations includes the standard deviations of the radar measurements, the HPIG
measurements, and the measurement of the radar position and orientation on the
truck. The details of how the standard deviations were calculated can be found in
section 3.3, and the result can be seen in figure 5.3.
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Figure 5.3 The distibution of standard deviation in global x, y, and z for the radar
measurements.
It can be seen that most standard deviations for x are close to 0.2 meters, for y 0.2
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meters, and for z 0.17 meters. As shown in table 3.1, 68.27% of the measurements
should fall within one standard deviation of the measured position, and 95.45%
of the measurements should fall within two standard deviations, and 99.73% of the
measurements should fall within three standard deviations. This means that the total
deviation in three dimensions √
x2+ y2+ z2
for three standard deviations is√
(3 ·0.2)2+(3 ·0.2)2+(3 ·0.17)2 = 0.99 meters
This deviation is quite high, but could be reduced if there are several detections
within a small area.
Another source of deviation is the unknown vertical angle, see section 2.3. By
setting the vertical angle, θradar vertical in equation 3.8, to ±5◦ and finding the maxi-
mum deviation form when the vertical angle is zero, the deviation is obtained. The
maximum deviation for each detection can be seen in figure 5.4.
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Figure 5.4 The distibution of uncertainty caused by the unknown vertical field of
view in global x, y, and z for the radar measurements.
It can be seen that most uncertainties for x and z are close to 0.2, which is about the
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same as for one standard deviation in the both dimensions. The uncertainty for z is
however higher, and most uncertainties are close to 0.45. The total uncertainty in
three dimensions is then√
0.22+0.22+0.452 = 0.5315 meters
This uncertainty is lower than that caused by the standard deviations for the mea-
surements, but can not be reduced if several detections are within a small area.
5.3 Filter
The filter attempts to remove false detections, mostly interference between the both
radar systems and double bounces. This is done by removing detections with a
velocity, range, or angle higher than a specified value, see section 3.4 for details
about the filter.
The global velocities of the detected objects are calculated according to section 3.2,
and the results can be seen in figure 5.5, and 5.6 contains a more zoomed in plot.
The distribution of the velocities can be seen in figure 5.7, and 5.8 contains a more
zoomed in plot.
Figure 5.5 The calculated global velocity of each radar detection.
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Figure 5.6 The calculated global velocity of each radar detection.
Figure 5.7 The distribution of the object velocities.
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Figure 5.8 The distribution of the object velocities.
It can be seen that there are a few objects with a very high velocity. These are almost
certainlty false detections. Many objects appear to have a velocity of 0-1 meter per
second, which might be caused by the quantities measured by the HPIG and the
approximated altitude velocity of the truck. The apparent peak at around 0.5 meters
per second might be caused by the unknown vertical position of each detection, if
the signal processing in the radar for example prioritizes the detection of moving
objects. The result is deemed good enough to filter out false detections, but not to
find the vertical position of objects detected by the radars.
The maximum velocity of the filter, vlimit, is set to 1.5 m/s, and the minimum
and maximum range and horizontal angle are listed in table 2.3. The number of
detections removed by the filter in each sample can be seen in figure 5.9 for the left
radar, and figure 5.10 for the right radar.
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Figure 5.9 The number of detections removed by the filter for each sample for the
left radar.
Figure 5.10 The number of filtereddetections removed by the filter for each sample
for the right radar.
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The average number of filtered detections per sample is 0.54 for the left radar, and
0.10 for the right radar. This accounts for 5 % and 2 % respectively. These are low
numbers, indicating that most detections are good.
5.4 Elevation Map
The elevation map, along with a map showing the number of detections within
each square, and one showing the standard deviation for the detections within each
square, are created according to section 3.5. The square size is arbitrarily set to 0.52
m2, which is small enough to give a detailed map, and large enough to not contain
too many holes caused by no radar detection. The map is visualized as a surface
where the color represents the elevation of each square.
Comparison with Terrain Map
The radar elevation map is first compared with the terrain described in section 4.5.
The elevation map with the terrain obstacles overlaid can be seen in figure 5.11.
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Figure 5.11 Radar elevation map with significant objects marked. Each square rep-
resents the terrain in a 0.52 m2 area, and the color shows the elevation in each square.
The colorbar shows the elevation in meters above mean sea level.
It can be seen that there are several detections inside the building. Since the dete-
cions appear as lines with equal distance between them, it is likely that the detec-
tions inside the building are caused by double bounces of the radar beams.
Since it is difficult to see how well the map represents the terrain, the map is zoomed
in on the area between the Ditch 1 and Ditch 2 labels in figure 5.11. The zoomed in
elevation map along with the objects overlaid can be seen in figure 5.12.
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Figure 5.12 Zoomed radar elevation map with significant objects marked. Each
square represents the terrain in a 0.52 m2 area, and the color shows the elevation in
each square. The colorbar shows the elevation in meters above mean sea level.
It can be seen that the ditches are clearly visible, and have approximately the correct
dimensions. As predicted in section 4.1, there are fewer detections on the side of the
ditch closest to the radars.
Comparison with Lidar Map
In order to quantitatively find out how well the radars can map the environment, a
lidar map was created in the same way as the radar map. The lidar map can be seen
in figure 5.13.
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Figure 5.13 Lidar elevation map. The colorbar shows the elevation in meters above
mean sea level.
The lidar map appear to be very dense, and contains very few squares without de-
tections in the vicinity of the road. By calculating how many squares that have one
or more detections in the lidar map, but do not have any detections in the radar map,
it is be found that the radar map fills 83 % of the lidar map.
It is difficult to compare the two maps, so the same are as in figure 5.12 is zoomed in
upon. See figure 5.14 for the zoomed in radar map, and figure 5.15 for the zoomed
in lidar map.
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Figure 5.14 Zoomed radar elevation map. The colorbar shows the elevation in me-
ters above mean sea level.
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Figure 5.15 Zoomed lidar elevation map. The colorbar shows the elevation in me-
ters above mean sea level.
It is clearly shown that the ditches are visible in both elevation maps, and that the
general elevation is very similar. Some positive objects which appears on the lidar
map are however not present in the radar map. The positive objects are most likely
metal poles, grass, and bushes.
By creating a map where each square is the radar elevation minus the lidar ele-
vation, the difference between the two maps are clearly shown. This map is shown
in figure 5.16.
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Figure 5.16 The radar elevation minus the lidar elevation map. The colorbar shows
the elevation difference in meters.
Similarly to what was seen previously, the radar do not properly map the smaller
positive objects. Besides that, the deviation is quite evenly spread out, as expected.
By calculating this difference between all squares in the map in figure 5.16, the
difference distribution is shown in figure 5.17. This is only done in squares which
are filled in both maps.
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Figure 5.17 The distribution of the radar elevation minus the lidar elevation for
every square which is filled in both maps.
The deviation is centered around zero, but with a slight offset. As with the velocity,
the offset might be caused by the unknown vertical position of each detection, if
the signal processing in the radar for example prioritizes the detection of moving
objects. and the most detections in the radar map fall within 0.5 meters of the lidar
map. There are a few deviations with greater deviation, which possibly are the small
positive objects not detected by the radars.
Standard Deviation and Count
In order to analyze how much each square can be trusted, the standard deviation
and number of detections within each square are calculated.The number of detec-
tions in each square can be seen in figure 5.18, and a zoomed in part of the map in
figure 5.19.
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Figure 5.18 Number of detections in each square in the radar elevation map. The
colorbar shows the number of detections.
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Figure 5.19 Number of detections in each square in the radar elevation map. The
colorbar shows the number of detections.
It can be seen that most squares contain 1-2 detections, with a few containing more.
The distribution of the number of detections in each square can be seen in fig-
ure 5.20.
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Figure 5.20 The distribution of the number of detections in each square.
The standard deviation of each square is calculated according to equation 3.26, and
the resulting map can be seen in figure 5.21. A zoomed in part of the map can be
seen in figure 5.22.
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Figure 5.21 Standard deviation for the radar elevation map. The colorbar shows
the standard deviation in meters.
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Figure 5.22 Standard deviation for the radar elevation map. The colorbar shows
the standard deviation in meters.
The standard deviations appear to be low, most close to zero. The large amount
of standard deviations at zero is probably caused by the large amount of squares
with only one detection. The standard deviations seem to be evenly spread out, as
expected. The large standard deviations seem to be on the small hills next to the
ditches. This is as expected, since the detections in one square can have very differ-
ent elevation depending on where on the hill it is comming from. The distributin of
the standard deviations can be seen in figure 5.23.
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Figure 5.23 The distribution of the standard deviations in each square.
As previously seen, most standard deviations are very low and close to zero. The
larger ones are most likely from squares with a large difference in elevation.
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Conclusions
This chapter contains the conclusions drawn from the results - how well the eleva-
tion mapping works, and how it can be improved.
As the detections carry the information about the environment, it is vital to re-
trieve as many detections as possible. There are many factors that will determine
how many detections that will be retrieved by the radar, such as the angle of inci-
dence and the reflectivity of the surface. As discussed in section 4.4, the distance
between each sample is 0.7 meters when driving at a velocity of 50 km/h. If there
is no detection at a certain point, the distance will be twice as much in that area.
The number of detections were presented in section 5.1. The number of detections
are very low compared to the maximum number of detections per sample (64). In
particular the number of detections from the right radar at only 8% of the maximal
value, whereas the left radar had 17%. This is likely due to the high angle of in-
cidence, which is larger for the right radar. There were many reflections from the
building, even when taking the double-bounces into consideration. The building is
orthogonal to the ground, creating a lower angle of incidence. This incidates that
a lower pitch angle for the radars would generate more detections, which in turn
would create a denser and more reliable map. The result of the low number of
detections can be seen in section 5.4, where it is presented that the radar map is
filled to 83% of the lidar map. This is a decent amount, and can possibly be filled
to a higher degree if driving through the area more times. Section 5.4 presents the
number of detections for each square in the radar elevation map, and it can be seen
that most squares only have one to three detections. This makes the map both less
reliable and accurate than a map with a higher density of detections.
In order to properly filter out bad detections, it is important to be able to calcu-
late the velocity of the objects with a high accuracy. Most targets are expected
to have a velocity of zero, with a deviation of less than 0.5 meters per second
caused by the different vertical position of the target. The bad detections, caused
by interference with the other radar and double bounces, are expected to have a
higher velocity. As seen in section 5.3, the calculated range velocity appear to be
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very high, with a number of detections close to 1 meter per second. This is likely
caused by the dynamics of the truck cab, the internal filters of the HPIG, and the
crudely calculated altitude velocity. As future work, a Kalman filter could be used
to obtain a more accurate altitude velocity. The filter do remove several detections
with a very high velocity, which are most likely intereference. As can be seen in the
radar elevation map in section 5.4, there are also several appearent double bounces
present, which indicates that a more advanced filter needs to be used.
The resulting elevation map created from the radar data is decently accurate, which
can be seen in section 5.4. The ditches appear to be correctly mapped, both when
compared to the measured terrain and the elevation map created by the lidar. There
are however some deviations between the radar and lidar map, but the elevation of
most squares in the radar map fall within 0.5 meters of the corresponding square in
the lidar map. The radar do however appear to miss small objects, like a metal pole
visible in the lidar map. This might improve with a higher number of detections per
sample, as more information would be retrieved.
The standard deviation of a square in the elevation map shows how much the
detections varies. A high standard deviation could indicate a high uncertainty in
the detections, but also that the elevation difference in that area is high. Section 5.4
shows the standard deviations of the detections in each square. While the vast ma-
jority of squares has a standard deviation of less than 0.5 meters, which is quite
high. There is also a considerable amount of squares with a higher standard devia-
tion. The figures shows that the standard deviations are high in the squares where
the terrain elevation differs the most, which is as expected.
In order to determine if the deviations in the elevation map are within the teoretical
limits, the potential deviations caused by the measurement standard deviation and
unknown vertical position were calculated for each detection, see section 5.2. The
results show that the potential deviations can be a bit over one meter. The uncer-
tainty caused by measurement standard deviations could be reduced with more
detections in each square if a more sophisticated mapping algorithm were to be
used.
The uncertainty caused by the unknown vertical position could be reduced by a
large amount if the global velocity of objects were to be accurately calculated. The
current method for calculating the velocity results in quite large errors, as seen in
section 5.3. The cause of the errors are likely the filtered values from the HPIG
and the unknown altitude velocity, which could both possibly be fixed by a more
advanced model of the velocity without adding any extra sensors.
In order to improve the accuracy of the elevation map, an possibly make it more
detailed by using smaller squares, a larger number of detections needs to be ob-
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tained. This is probably possible by decreasing the pitch angle of the radars, which
would need a custom mount. A custom mount could also decrease the uncertainties
in the radar mount angles. A second important improvement would be to correctly
find the vertical position of the radar detections. As discussed, this could be done if
the velocity were to be accurately mapped, but a radar which provides the vertical
angle of the detection could also be a solution, albeit a possibly more expensive
one.
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